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Survival analysis of lamb mortality in a terminal sire composite population1
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ABSTRACT: Records of mortality during the first
year of life of 8,642 lambs from a composite population
at the U.S. Meat Animal Research Center were studied
using survival and logistic analyses. The traditional
logistic approach analyzes the binary response of
whether or not a lamb survived until a particular time
point, thus disregarding information on the actual age
at death. Survival analysis offers an alternative way
to study mortality, wherein the response variable stud-
ied is the precise age at death while accounting for
possible record censoring. Lamb mortality was studied
across five periods based on management practices:
birth to weaning, birth to 120 d of age, birth to 365 d
of age, weaning to 365 d of age, and 120 to 365 d of
age. Explanatory variables included in the models were
sex, type of birth, age of dam, and whether or not a
lamb was raised in a nursery. The survival analysis
was implemented using Weibull and Cox proportional
hazards models with sire as random effect. The logistic
approach evaluated sire, animal, and maternal effects
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Introduction

Lamb mortality is a critical component of sheep pro-
duction systems around the world. Frequently, lamb
mortality is analyzed as a binary trait determined by
whether or not a lamb survived to a specific age such
as weaning. When lamb mortality is commonly ana-
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models. Lambs culled during any period were treated
as censored in the survival analyses and were assumed
alive in the logistic analyses. Similar estimates of the
explanatory variables were obtained from the survival
and logistic analyses, but the survival analyses had
lower standard errors than the logistic analyses, sug-
gesting a slight superiority of the former approach. Her-
itability estimates were generally consistent across all
periods ranging from 0.15 to 0.21 in the Weibull model,
0.12 to 0.20 in the Cox model, 0.08 to 0.11 in the logistic
sire model, 0.04 to 0.05 in the logistic animal model,
and 0.03 to 0.07 in the maternal effects logistic model.
Maternal effects were important in the early stages of
lamb life, but the maternal heritability was less than
0.07 in all the stages studied with a negative correlation
(−0.86 to −0.61) between direct and maternal effects.
The estimates of additive genetic variance indicate that
the use of survival analysis estimates in breeding
schemes could allow for effective selection against mor-
tality, thereby improving sheep productivity, welfare,
and profitability.

lyzed as either a normally distributed continuous trait
or a binary trait, heritability estimates generally range
between 0.0 and 0.1 (e.g., Fogarty, 1995; Lopez-Villalo-
bos and Garrick, 1999).

Treating mortality as a binary trait views animal
deaths as having occurred during a defined period of
time, hence ignoring continuity of the mortality process
and the precise time of death or “failure” (Allison, 1997).
For example, an animal that dies at 20 d of age would
be treated the same as an animal that dies at 200 d of
age in a binary analysis of survival from birth to 365
d of age. Survival analysis accounts for the continuity
of the mortality and does not restrict the analysis of the
data to arbitrary predefined time points. In addition,
survival analysis accounts for censored records that
occur when the exact time of mortality is unknown
because the study concluded before this event can be ob-
served.

Mixed-effects models, commonly used in animal
breeding, are referred to as frailty models in survival
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analysis and have been recently reviewed from an ani-
mal breeding perspective by Ducrocq (1999), Kachman
(1999), and Vukasinovic (1999). Frailty models have
been applied to study the length of productive life or
longevity in dairy cattle (e.g., Dürr et al., 1999; Vukasi-
novic et al., 1999) and swine (Yazdi et al., 2000), inci-
dence of mastitis in dairy cattle (Gröhn et al., 1998),
and survival in poultry (Ducrocq et al., 2000). These
studies have highlighted the advantage of survival
analysis over other methods. The objectives of this
study are to identify systematic effects influencing lamb
mortality and to estimate genetic parameters of lamb
mortality using survival and logistic analyses.

Materials and Methods

Description of Population and Management

Data were from a terminal sire composite population
(breed composition: 50% Columbia, 25% Hampshire,
and 25% Suffolk) at the U.S. Meat Animal Research
Center, Clay Center, NE. Leymaster (1991) and Mousa
et al. (1999) described the population formation, subse-
quent management, and breeding practices. Analyzed
data were recorded on lambs from the F3 and advanced
generations. Sires were randomly selected within pa-
ternal half-sib families from 1983 to 1989. From 1989
onward, half of the sires were randomly selected, and
the other half were selected for average daily gain. At
least 24 sires were used per year and single-sire mating
was performed. Close mating was avoided to minimize
the accumulation of inbreeding such that the average
inbreeding coefficient was 0.006 for all lambs.

In some years, the breeding season was separated
into two periods of 35 d, in which the same rams were
used across both breeding periods and ewes were as-
signed to either the first or second period. Ewes were
kept on pasture during gestation and supplemental
feeding was used to meet nutritional requirements.
Lambing occurred in drylot in a pole-shed facility and
ram lambs were not castrated. Lambs whose dams were
deemed unable to provide sufficient milk production
to sustain lamb survival were artificially reared in a
nursery. Lambs were offered ad libitum a total-mixed,
preweaning, pelleted diet (2.90 Mcal ME per kilogram
DM with 17.5% CP) by 14 d of age. Lambs were weaned
at about 7 wk of age and managed under feedlot condi-
tions with access to a pole-shed facility. Lambs were
switched to a total-mixed growing diet (2.96 Mcal ME
per kilogram DM with 14.5% CP) at approximately 10
wk of age. Lambs remained in drylot until about 20
wk of age when replacement ewes were turned out to
pasture with access to supplemental feed. After approx-
imately 20 wk of age, surplus lambs were culled from
the main flock on a regular basis.

Lamb records were available from 1985 through 1997
with the date and cause of mortality determined by
necropsy for lambs that died. Analyses were conducted
on five periods to reflect important periods of lamb pro-

Table 1. Summary statistics for number of records (N),
mean survival age (days), standard deviation

of survival age (SD), and mortality
rate for each period

Period N Daysa SD Mortality, %

Birth to weaning 8,642 44 15 15.2
Birth to 120 d of age 8,642 102 40 18.8
Birth to 365 d of age 8,642 222 130 21.6
Weaning to 365 d of age 7,331 210 102 7.6
120 d to 365 d of age 7,020 148 96 3.5

aMeasured from the start of the period.

duction; mortality from birth to weaning, mortality
from birth to 120 d of age, mortality from birth to 365
d of age, mortality from weaning to 365 d of age, and
mortality from 120 to 365 d of age. The data analyzed
consisted of 8,642 lambs from 299 sires and 2,475 dams,
with the number of records, average age, and percent-
age of mortality for each period provided in Table 1. Of
the lambs culled before 365 d of age, 52 were culled
before 120 d of age and 3,447 were culled with an aver-
age age at culling of 184 d of age.

Statistical Methods

In survival analysis, survival is commonly character-
ized by a hazard function that represents the instanta-
neous death rate for an individual surviving to a partic-
ular time point (Allison, 1997). The hazard function for
individual i at time t, hi(t), can be described using a
linear fixed-effects proportional hazards model with k
explanatory variables (xi1, . . . , xik):

ln[hi(t)] = ln[h0(t)] (β1xi1 + . . . + βkxik) [1]

where h0(t) denotes an unspecified baseline hazard
function and β1, . . . , βk are the regression coefficients
associated with the k explanatory variables. The base-
line hazard function is an arbitrary function common
to all observations. The hazard ratio, h(t)/h0(t), provides
an estimate of the risk per unit change in the explana-
tory variables relative to the baseline hazard function
(Collet, 1994; Allison, 1997) and associated SE are ap-
proximated as described by Collet (1994).

The Cox proportional hazard and the Weibull models
are the most commonly used approaches to model the
hazard function (Collet, 1994; Allison, 1997). In the
Cox proportional hazards model, the baseline hazard
function is unspecified and no assumptions regarding
the particular form of this function are required. Alter-
natively, the natural logarithm of the baseline hazard
function can be modeled as ln(t)/(ρ − 1), implying that
the time of event follows a Weibull distribution with
Weibull scale parameter ρ (Collet, 1994; Allison, 1997).

Data Analysis

The Cox and Weibull frailty sire models were fitted
using the Survival Kit (Ducrocq and Sölkner, 1994,
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1998; Sölkner and Ducrocq, 1999). The explanatory
variables were sex (two levels; male and female), type
of birth (three levels; single, twin, and multiple), con-
temporary group (18 levels), age of dam (four levels; 1,
2, 3, and 4+ yr of age), and whether or not a lamb was
raised in a nursery. Contemporary group was defined
as the year of lambing and one of two 35-d breeding
periods within year when relevant. The random effect
of sire was assumed to have a multinormal distribution,
and estimates of location and dispersion parameters
were obtained using an empirical Bayesian approach
assuming uniform flat improper priors. Estimates of
the variance component (mean and mode) were ob-
tained from a Laplacian approximation of the corres-
ponding marginal posterior distribution (Ducrocq and
Casella, 1996). Point estimates of fixed and random
effects and of ρ (Weibull scale factor) were obtained
from the mode of the joint conditional posterior density
(Ducrocq and Casella, 1996). Due to the parameteriza-
tion of ρ in the Survival Kit, the hazard is either acceler-
ated (ρ > 1) by a constant factor, degraded (ρ < 1) by a
constant factor, or held constant (ρ = 1). The fixed effects
were tested using the Wald test statistic (Collet, 1994;
Allison, 1997).

Lambs that were alive at the end of each period were
treated as censored at the end of the period because
the period ended before mortality could be observed in
these lambs. Culled lambs were treated as censored
on the day of removal because these lambs were consid-
ered to have left the study before mortality could be
observed. For censored lambs, only the age until the
age at censoring (either due to the end of the period or
culling) was used in Eq. [1] for each period. Conse-
quently, the computation of the hazard function associ-
ated with a specific time point will include all lambs
that are known to be dead or alive at this time point
but will exclude any lamb that was censored before this
time point.

Binary traits were determined by whether or not a
lamb survived to the end of each period and were ana-
lyzed using a logistic sire model fitted in ASREML (Gil-
mour et al., 2000) with the same explanatory variables
as the frailty sire models. Logistic animal models and
logistic maternal effects models that included random
effects for direct additive, maternal genetic, and covari-
ance between direct and maternal effects were also fit-
ted to these binary traits. The ratio of the probability
of mortality to the probability of surviving (the odds
ratio) was computed in each period for all explanatory
variables to correspond to the survival analysis. In all
logistic analyses, culled lambs were treated as alive at
the end of the period.

Heritabilities in the survival analyses were calcu-
lated using modal posterior variance estimates and for-
mulas of Ducrocq and Casella (1996) and Korsgaard et
al. (1999) to correspond to heritabilities calculated from
the logistic analyses. Approximate SE for the survival
and logistic heritabilities and direct-maternal correla-
tion were calculated using the approach described by

Gilmour et al. (2000). Approximate 95% confidence in-
tervals of sire variances obtained from the normal ap-
proximation were used to provide 95% confidence inter-
vals for heritability estimates from the sire models.

Results

The Kaplan-Meier estimated survival function for
each period (Figure 1) showed that the hazard de-
creased with time. Each time point of the estimated
survival function represents the probability that a lamb
will survive to a given day for each period. For example,
the estimated probability for a lamb to survive to 10 d
of age was 0.9 and to survive to 50 d of age was 0.85
in the birth to weaning, birth to 120 d of age, and
birth to 365 d of age periods. Caution is required in the
interpretation of these curves because the explanatory
effects were unaccounted for and the few lambs experi-
enced an event during the periods studied. The effect
of censoring is evident by the drop after 120 d in the
weaning to 365 d of age and birth to 365 d of age periods
that was associated with an initial culling of lambs from
the flock. The drop in survival at the end of the birth
to weaning period should be treated with caution due
to the few lambs that were weaned at 60 d of age or
older. The Weibull scale parameter estimates for most
periods ranged from 0.36 ± 0.01 to 0.80 ± 0.05, indicating
that the hazard of mortality decreased over time in
agreement with the trend observed in the Kaplan-Meier
estimated survival function (Figure 1).

The estimated hazard ratios of the main explanatory
variables for the Weibull and Cox models are presented
in Tables 2 and 3, respectively. The logistic analyses
showed results similar to those of the survival analysis
when expressed as an odds ratio (Table 4). Estimates
of the explanatory variables were virtually identical
between the sire and animal logistic models (results
not shown). In all cases, estimates were very similar
between all models for the same period considered. The
contemporary group effect was significant (P < 0.01) in
all periods, indicating the variability of environmental
and management factors among years.

The sex of the lamb significantly affected mortality
in all periods (P < 0.001). In the birth to weaning period,
the hazard ratio was 1.23 between male and female
lambs, indicating that male lambs have 23% greater
hazard of mortality than female lambs (Tables 2 and
3). The hazard of mortality increased slightly over time,
particularly in the weaning to 365 d of age and the 120
to 365 d of age periods, although the odd ratios (Table
4) were not as large as the hazard ratios (Tables 2 and
3). This result may be somewhat artificial because SE
were noticeably larger in the weaning to 365 d of age
and the 120 to 365 d of age periods than in the other
periods.

Type of birth had an important effect on the hazard
of mortality during the birth to weaning, birth to 120
d of age, and birth to 365 d of age periods (P < 0.001);
all three birth types were significantly different from
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Figure 1. Kaplan-Meier estimated survival functions for a) birth to weaning, b) birth to 120 d of age, c) birth to 365
d of age, d) weaning to 365 d of age, and e) 120 to 365 d of age.
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Table 2. Hazard ratios and approximate SE for the explanatory variables
for each period under the Weibull sire model

Period

Birth to Birth to Birth to Weaning to 120 to
Effecta weaning 120 d of age 365 d of age 365 d of age 365 d of age

Lamb sex
M-F 1.23 ± 0.07 1.22 ± 0.06 1.34 ± 0.06 1.40 ± 0.12 1.59 ± 0.21

Type of birth
S-M 0.29 ± 0.03 0.37 ± 0.04 0.41 ± 0.04 0.98 ± 0.17 0.86 ± 0.22
T-M 0.47 ± 0.04 0.52 ± 0.04 0.55 ± 0.04 0.82 ± 0.12 0.70 ± 0.15

Age of dam
1-4 3.01 ± 0.38 2.89 ± 0.33 2.52 ± 0.27 1.60 ± 0.30 0.90 ± 0.26
2-4 1.42 ± 0.16 1.43 ± 0.15 1.35 ± 0.13 1.17 ± 0.20 0.95 ± 0.23
3-4 0.85 ± 0.10 0.92 ± 0.10 0.95 ± 0.09 1.20 ± 0.20 1.12 ± 0.26

Nursery
N-Y 0.64 ± 0.07 0.47 ± 0.04 0.46 ± 0.04 0.18 ± 0.03 0.54 ± 0.17

aM-F = effect of male lambs as deviation from female lambs; S-M = effect of single-born lambs as a deviation
from multiple-born lambs; T-M = effect of twin-born lambs as a deviation from multiple-born lambs; 1-4 =
effect of 1-yr-old ewes as a deviation of 4-yr or older ewes; 2-4 = effect of 2-yr-old ewes as a deviation of 4-
yr or older ewes; 3-4 = effect of 3-yr-old ewes as a deviation of 4-yr or older ewes; N-Y = effect of lambs not
raised in nursery as a deviation of lamb raised in nursery.

each other (Tables 2 and 3). In these periods, single and
twin lambs had 29 to 43% and 47 to 55%, respectively, of
the hazard of multiple lambs. It was evident that as the
period of consideration lengthened, the relative hazard
decreased, which indicates that survival at early stages
of life is critical to the overall survival of multiple born
lambs than later stages of life. However, type of birth
did not have a significant effect on survival during the
weaning to 365 d of age and the 120 to 365 d of age
periods (P > 0.05).

Age of dam (Tables 2 and 3) was important only for
lamb mortality for the birth to weaning, birth to 120 d
of age, and birth to 365 d of age periods (P < 0.001). In
these periods, lambs from 1-yr-old ewes had signifi-
cantly (P < 0.001) greater hazard than ewes of all other

Table 3. Hazard ratios and approximate SE for the explanatory variables
for each period under the Cox sire model

Period

Birth to Birth to Birth to Weaning to 120 to
Effecta weaning 120 d of age 365 d of age 365 d of age 365 d of age

Lamb sex
M-F 1.23 ± 0.07 1.21 ± 0.06 1.25 ± 0.06 1.30 ± 0.11 1.49 ± 0.20

Type of birth
S-M 0.31 ± 0.03 0.38 ± 0.04 0.43 ± 0.04 0.99 ± 0.17 0.88 ± 0.22
T-M 0.48 ± 0.04 0.53 ± 0.04 0.55 ± 0.04 0.82 ± 0.12 0.71 ± 0.15

Age of dam
1-4 2.89 ± 0.37 2.79 ± 0.32 2.42 ± 0.26 1.58 ± 0.30 0.88 ± 0.26
2-4 1.40 ± 0.16 1.42 ± 0.15 1.34 ± 0.13 1.17 ± 0.20 0.95 ± 0.23
3-4 0.85 ± 0.10 0.92 ± 0.10 0.95 ± 0.09 1.20 ± 0.20 1.12 ± 0.26

Nursery
N-Y 0.69 ± 0.08 0.49 ± 0.04 0.49 ± 0.04 0.19 ± 0.03 0.57 ± 0.18

aM-F = effect of male lambs as deviation from female lambs; S-M = effect of single-born lambs as a deviation
from multiple-born lambs; T-M = effect of twin-born lambs as a deviation from multiple-born lambs; 1-4 =
effect of 1-yr-old ewes as a deviation of 4-yr or older ewes; 2-4 = effect of 2-yr-old ewes as a deviation of 4-
yr or older ewes; 3-4 = effect of 3-yr-old ewes as a deviation of 4-yr or older ewes; N-Y = effect of lambs not
raised in nursery as a deviation of lamb raised in nursery.

ages. Lambs from 2-yr-old ewes had a significantly (P
< 0.001) greater hazard than 3-yr and the 4-yr and older
ewes. No significant difference in hazard rates was ob-
served between 3-yr or older ewes for any of the periods.
Age of dam was significant in the weaning to 365 d of
age period (P < 0.05), with a trend similar to that of
the other periods, but was nonsignificant in the 120 to
365 d of age period. Lambs that were raised by their
mothers had significantly (P < 0.001) lower hazard of
mortality (46 to 69%) and lower odds ratio (0.34 to 0.68)
than those lambs raised in the nursery for all periods
except the 120 to 365 d of age period, for which it was
marginally significant (P < 0.10).

Variance component and heritability estimates from
the sire models (Table 5) showed that the Weibull model
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Table 4. Odd ratios and approximate SE for the explanatory variables
for each period under the logistic sire model

Period

Birth to Birth to Birth to Weaning to 120 to
Effecta weaning 120 d of age 365 d of age 365 d of age 365 d of age

Lamb sex
M-F 1.26 ± 0.08 1.24 ± 0.07 1.15 ± 0.06 1.08 ± 0.10 1.35 ± 0.18

Type of birth
S-M 0.27 ± 0.03 0.34 ± 0.04 0.38 ± 0.04 0.97 ± 0.18 0.87 ± 0.23
T-M 0.45 ± 0.05 0.49 ± 0.05 0.50 ± 0.05 0.80 ± 0.13 0.69 ± 0.16

Age of dam
1-4 3.21 ± 0.45 3.15 ± 0.41 2.61 ± 0.32 1.52 ± 0.31 0.81 ± 0.24
2-4 1.44 ± 0.18 1.46 ± 0.17 1.37 ± 0.15 1.18 ± 0.21 0.94 ± 0.24
3-4 0.83 ± 0.11 0.91 ± 0.11 0.95 ± 0.10 1.22 ± 0.21 1.12 ± 0.27

Nursery
N-Y 0.68 ± 0.09 0.34 ± 0.04 0.34 ± 0.04 0.16 ± 0.03 0.60 ± 0.19

aM-F = effect of male lambs as deviation from female lambs; S-M = effect of single-born lambs as a deviation
from multiple-born lambs; T-M = effect of twin-born lambs as a deviation from multiple-born lambs; 1-4 =
effect of 1-yr-old ewes as a deviation of 4-yr or older ewes; 2-4 = effect of 2-yr-old ewes as a deviation of 4-
yr or older ewes; 3-4 = effect of 3-yr-old ewes as a deviation of 4-yr or older ewes; N-Y = effect of lambs not
raised in nursery as a deviation of lamb raised in nursery.

provided the highest estimate of heritability for each
period and the logistic sire model the lowest estimate.
Heritability estimates ranged from 0.12 to 0.21 for the
survival analyses and 0.08 to 0.11 for the logistic analy-
ses. The confidence intervals from all models for the
weaning to 365 d of age and the 120 to 365 d of age
periods included zero. Although these estimates are
not directly comparable due to the different scales and
response variables, the largest difference occurred in

Table 5. Estimates of sire variance (mode, mean, and SE), heritability, and approximate
95% confidence intervals (CI) of the modal estimates for each period

from Weibull, Cox, and logistic sire models

Sire variance Heritability CI bounds
Perioda and
modelb Mode Mean SE Est. SE Lower Upper

BW
Wei 0.090 0.096 0.030 0.207 0.066 0.073 0.332
Cox 0.068 0.074 0.028 0.159 0.063 0.032 0.278
Log 0.086 — 0.031 0.102 0.036 0.058 0.329

BC
Wei 0.069 0.093 0.026 0.203 0.058 0.086 0.313
Cox 0.069 0.074 0.024 0.161 0.054 0.051 0.265
Log 0.093 — 0.029 0.110 0.033 0.085 0.333

BY
Wei 0.065 0.069 0.021 0.152 0.048 0.055 0.244
Cox 0.051 0.055 0.020 0.120 0.046 0.028 0.208
Log 0.067 — 0.024 0.079 0.028 0.046 0.259

WY
Wei 0.082 0.098 0.053 0.190 0.116 0.000 0.404
Cox 0.078 0.094 0.053 0.182 0.117 0.000 0.399
Log 0.077 — 0.052 0.091 0.060 0.000 0.390

CY
Wei 0.088 0.130 0.090 0.203 0.198 0.000 0.554
Cox 0.086 0.128 0.093 0.200 0.203 0.000 0.561
Log 0.092 — 0.091 0.108 0.105 0.000 0.564

aBW = birth to weaning; BC = birth to 120 d of age; BY = birth to 365 d of age; WY = weaning to 365 d
of age; CY = 120 to 365 d of age.

bWei = Weibull sire model; Cox = Cox sire model; Log = logistic sire model.

birth to weaning period, for which the Weibull estimate
was twice the magnitude of the logistic sire estimate.

Under the logistic animal model, estimates of the
direct additive variance (Table 6) were less than the
corresponding additive variance estimates from the lo-
gistic sire model. Consequently, additive heritability
estimates were approximately half the magnitude of the
logistic sire estimates (Table 5), regardless of whether
maternal effects were included in the model or not.
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Table 6. Estimates of genetic parameters and heritability for each period obtained
using a logistic animal model or a logistic maternal effects model

Period

Birth to Birth to Birth to Weaning to
Parameter weaning 120 d of age 365 d of age 365 d of age

Animal effects model
Animal variance 0.156 ± 0.069 0.156 ± 0.062 0.123 ± 0.054 0.180 ± 0.116
Heritability 0.045 ± 0.019 0.045 ± 0.017 0.036 ± 0.015 0.052 ± 0.032

Maternal effects model
Direct additive variance (D) 0.115 ± 0.081 0.133 ± 0.076 0.094 ± 0.066 0.225 ± 0.153
Maternal variance (M) 0.244 ± 0.094 0.178 ± 0.080 0.144 ± 0.068 0.021 ± 0.121
Covariance between D and M −0.114 ± 0.083 −0.098 ± 0.073 −0.071 ± 0.061 −0.059 ± 0.113
Direct heritability 0.034 ± 0.024 0.039 ± 0.022 0.028 ± 0.019 0.066 ± 0.044
Maternal heritability 0.071 ± 0.028 0.052 ± 0.024 0.043 ± 0.020 0.006 ± 0.035
Correlation between D and M −0.676 ± 0.305 −0.638 ± 0.291 −0.612 ± 0.330 −0.858 ± 1.753

Maternal effects were most important in the birth to
weaning period and were nonsignificant in the birth to
365 d of age and the weaning to 365 d of age periods
(P > 0.05). In all periods, moderately high negative cor-
relations were observed between the direct and mater-
nal effects but were only significant (P < 0.05) in the
birth to weaning period.

Discussion

The different procedures used to analyze lamb mor-
tality gave very similar results, although, in general,
SE for fixed effects from the survival analysis were less
than from the logistic analysis. Estimates of the fixed
effects were generally very similar between approaches
and were relatively consistent with other studies (e.g.,
Lopez-Villalobas and Garrick, 1999). The similarity of
results could have been partly anticipated because, ex-
cept for the birth to weaning period, the other periods
were arbitrarily defined by particular ages. This meant
that all surviving lambs at the end of each period had
the same age, thus providing similar time scales for the
survival and logistic analyses. This may also explain
the slightly different results between approaches ob-
tained in the birth to weaning period than in other
periods because the survival of lambs within this period
uses the actual date of weaning rather than a specific
age. A greater difference might have been observed if
the end points for each period had not been assigned
to a specific age. These end points would need to be
predefined to avoid potential bias due to the fact that
definition of survival depends on the particular choice
of end point.

Literature estimates of the heritability of lamb sur-
vival to weaning analyzed as a binary trait typically
range from 0.0 to 0.1 (e.g., Fogarty, 1995; Lopez-Villalo-
bos and Garrick, 1999) and were similar to the logistic
heritability estimates reported in this study. Gama et
al. (1991) and Yapi et al. (1992), however, reported
higher heritability estimates from a full-sib analysis
(estimates ranged from 0.3 to 0.4) than from a half-sib
analysis (estimates ranged from 0.01 to 0.1).

In general, heritability estimates were higher in the
logistic sire model than in the logistic animal models,
indicating a low to moderate genetic component in lamb
mortality. Mayer (1995) also reported similar differ-
ences between the animal and sire threshold models.
After defining similar sire and animal threshold mod-
els, Mayer (1995) attributed the differences to the fact
that these models were really not equivalent. The dis-
crepancies between the sire and animal models are ex-
pected because, assuming a strictly additive genetic
model, these are not linearly equivalent models. The
sire variance in the sire models only accounts for one-
quarter of the additive genetic variance, whereas the
entire additive genetic variance is accounted in the ani-
mal model, such that the sire model is overdispersed
by definition (Ducrocq and Casella, 1996; Templeman
and Gianola, 1996). Further, all the additive genetic
relationships are used in the animal model that could
lead to an overestimation of the additive genetic vari-
ance in the sire model.

The maternal environment is considered to influence
lamb survival, but few studies have reported estimates
of direct and maternal effects (e.g., Burfening, 1993;
Baker, 1998; Lopez-Villalobos and Garrick, 1999). Ma-
ternal effects appeared to be important only in the birth
to weaning and birth to 120 d of age periods and were
not important in the other periods. Hence, the inclusion
of the maternal effects in the logistic animal models
had a minor influence on the estimated direct additive
genetic variance and associated heritability. Gama et
al. (1991) and Yapi et al. (1992) considered maternal
effects to be a possible explanation of the higher herita-
bility estimates of mortality from a full-sib analysis
than from a half-sib analysis. In the birth to weaning
period, maternal heritability estimates were similar to
those reported by Burfening (1993) and Lopez-Villalo-
bos and Garrick (1999) but higher than those reported
by Baker (1998). The nonsignificant maternal compo-
nent was also observed by Baker (1998) in the weaning
to 365 d of age period. The large negative correlation
between direct and maternal effects was higher in mag-
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nitude than that reported by Lopez-Villalobos and Gar-
rick (1999).

Heritability estimates showed very similar patterns
across periods within each sire model. Ducrocq et al.
(2000) cautioned against the use of the heritability esti-
mates obtained in a survival analysis because these
represent the situation of no censoring. Dürr et al.
(1999) reported results from a survival analysis of herd
life in Canadian Holstein cows and noted that survival
analysis provided higher heritability estimates than
those from a logistic approach. This effect is well known
from studies comparing threshold models with models
in which the predicant is assumed to be normally dis-
tributed (Templeman, 1998). The dichotomization of
time of mortality causes a loss of information in the
logistic analysis that does not occur in the survival
analysis. Thus, fewer differences will be observed be-
tween animals or sire progeny groups in the logistic
analysis than in a survival analysis, resulting in appar-
ently smaller genetic differences than when actual time
of mortality is considered. As a consequence, greater
estimates of heritability and more effective selection
are expected by using a survival analysis than a logis-
tic analysis.

A comparison between the Weibull and Cox survival
models is hindered by the different inference made in
the approaches. The Weibull model has been preferen-
tially used in animal breeding applications over the
Cox model mostly due to lower computational demands
(Sölkner and Ducrocq, 1999). The Cox model is widely
used in other areas due to the less parametric nature
(e.g., Allison, 1997). Within each period, sire breeding
values from the Cox and Weibull analyses were very
highly correlated (0.99), indicating the same ranking
of sires. Ducrocq et al. (2000) also reported very high
correlations between breeding values calculated from
Cox and Weibull methods for the same trait. This is
not unexpected because the same prior for sire variance
is used in both approaches. Among the birth to weaning,
birth to 120 d of age, and birth to 365 d of age periods,
the correlations ranged from 0.87 to 0.95 regardless of
the approach. The high correlation is expected due to
the fact that subsequent periods contain the same infor-
mation of the previous period. Correlations between
sire breeding values in the weaning to 365 d of age and
120 to 365 d of age periods were lower, ranging from
0.05 to 0.67. This is likely to be a function of the censor-
ing in the data because Vukasinovic et al. (1999) showed
that rank correlations between sire breeding values for
the same trait dramatically decreased once 0.20 or
greater of the records were censored. Therefore, correla-
tions between breeding values have limited merit in
model comparison.

Insufficient occurrence of events and the high degree
of censoring precluded the estimation of additive ge-
netic variance from a survival model using animal as
the random effect in this study. This was partly ex-
pected since Ducrocq and Casella (1996) have cautioned
against the use of this model when the data have insuf-

ficient information in survival analysis. Estimates of
additive genetic variance were obtained from the logis-
tic animal models and the sire models for all periods
considered. However, the logistic approach in the birth
to 365 d of age, weaning to 365 d of age, and 120 to 365
d of age periods is unable to account for the censoring
that occurred when lambs were culled. Therefore, this
effectively treats these lambs as alive at 365 d of age,
thus providing incorrect inference. This is an important
advantage of using survival analysis over the logistic
analysis in that the time when censoring occurs is taken
into account (Allison, 1997).

In the logistic analysis, the procedure to account for
the culled lambs depends on the inference required and
the population under consideration. In this study, the
logistic approach treated the culled lambs as alive at
the end of each period considered, which assumes that
all the culled lambs would have survived to the end of
the experiment. Alternatively, culled lambs could be
treated as dead at the time of culling, which is more
restrictive and less desirable because that approach
pertains to variable factors such as management and
selection decisions. Therefore, provided that culling de-
cisions are independent of mortality, it is more appro-
priate to treat the culled lambs as censored because it
reflects the state of knowledge at the time when the
culling decision is made.

Implications

This study highlights the advantage of using survival
analysis over the logistic analysis in genetic studies of
mortality. This advantage occurs because the Weibull
and Cox models describe the precise age of mortality,
while accounting for censored records. When age of mor-
tality is categorized into two classes at some specific
time point (e.g., alive or dead at weaning), there is a
loss of information associated with the actual time of
mortality. However, survival analysis requires the
availability of records on time of mortality. This study
has shown that the logistic analysis provides identical
conclusions regarding fixed effects but typically lower
heritability estimates compared with the survival anal-
ysis. The higher heritability estimates from the survival
analysis than from the logistic analysis indicate that
selection against lamb mortality using the actual age
of mortality can result in improved sheep productivity
and profitability.
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